Background: The objective of this study was to establish a culture system and elucidate the unique characteristics of a bovine mammary epithelial cell line in vitro.
Introduction
Mammary tissue cells or explants have been widely-used over the years as models to understand the physiological function of mammary gland. When using tissue explants, however, it is inherently difficult to distinguish between primary mitogens and secondary regulators of mammary gland function/development. To circumvent most of these difficulties, emphasis has been placed on cell culture methodologies to study growth regulation, hormonal responsiveness, or biochemical properties of mammary epithelial cells (MEC). Some of these previous work have led to the development of stable epithelial cell lines of bovine mammary gland [1] [2] .
A method for obtaining primary epithelial cells from human milk has been described [3] [4] . Collagenase dissociation was used successfully during isolation and culture of bovine epithelial cells in vitro [5] [6] . Tissue culture is another method which was successfully used to isolate bovine mammary epithelial cells [7] . Bovine mammary epithelial cell lines reported in the past include BMEC+H [8] , MAC-T [1] , PS-BME [5] , BME-UV [9] and L-1 [10] . In these studies, the isolated cells were not immortal, thus, additional work was required to develop a bovine mammary epithelial cell line.
Collagen is a universal factor used for mammary epithelial cell cultures in vitro. Although intricate, two-and three-dimensional substrates for cell culture have been described, collagen is still one of the simplest and most commonly-used matrices [11] . In previous protocols, mammary epithelial cells were ordinarily cultured in DMEM-F12 (1:1) medium supplemented with 10% FBS and several bioactive factors including insulin, growth hormone, hydrocortisone, and epidermal growth factors [10, [12] [13] . Some of those bioactive factors can influence the rate of mammary gland involution as well as metabolism [14] [15] . For example, Colomb [16] showed that estradiol and epidermal growth factor are required for cell-cycle progression of normal human mammary epithelial cells in culture. Hydrocortisone has a stronger effect on milk protein synthesis than on total protein synthesis [10] . Supraphysiological concentrations of insulin are required for optimal viability of epithelial cells [15] . A more thorough investigation of substrate requirement for cell growth in BME-UV mammary epithelial cells showed that the most important supplements were lactalbumin hydrolysate, hydrocorti-sone, and insulin because their omission reduced cell proliferation [17] .
Currently, the Chinese Holstein cow is the main dairy cow breed in China. However, few reports dealing with mammary epithelial cell function of Chinese Holsteins have been published [18] . With the fast development of the Chinese dairy industry, more attention is being placed on the mechanisms or factors that might affect milk synthesis and quality. Thus, a primary objective of this investigation was to isolate and culture CMECs in vitro so that their potential as a model to study MEC function in this breed of cattle could be evaluated. The isolated CMECs were thoroughly characterized via morphology, chromosomal analysis, immunocytochemistry [9, 19] , RT-PCR, and Western-Blotting analysis [13] .
Materials and Methods

Ethics Statement
In the present experiment, animal care and procedures were approved and conducted under established standard of the Institute of Animal Science, Chinese Academy of Agricultural Sciences, Beijing, China.
Materials
The basal growth media was DMEM/F12 containing 10% fetal bovine serum (FBS) (Invitrogen, Beijing Maojian United Stars Technology Co., Ltd., China). Induction media, which could promote the synthesis of milk protein and fat, was the growth media containing 5 mg/mL bovine insulin, 5 mg/mL bovine Holotransferrin, 5 mg/mL progesterone, 10 27 mol/L hydrocortisone, 10 ng/mL bovine epithelial growth factor and 5 mg/mL bovine estradiol (Sigma-Aldrich, cat. #I4434, T1283, P8783, H0888, E4127, E2758, respectively). The storage media prepared freshly was composed of 90% fetal bovine serum and 10% DMSO. A solution of 0.25% trypsin-0.02% EDTA solution (Sigma-Aldrich) used for cell digestion was prepared and stored at 220uC until use.
Tissue Isolation
Bovine mammary tissue was obtained from a three year old mid-lactation (ca.100 d relative to parturition) Chinese Holstein dairy cow. Fresh tissue was placed in sterilized tubes containing ice-cold D-Hank's (balanced salt solution) and immediately transported to the laboratory. Tissue of ca. 1 cm 3 was washed with D-Hank's solution for several times until the solution was pellucid and without milk. Tissue was then cut into 0.5,1 mm 3 cubes and washed again with D-Hank's solution until clean. These smaller pieces of tissue were transferred with sterile tips onto empty plastic cell culture dishes (Corning, 430165,U.S.A) coated with collagen. Care was taken to ensure that tissue was kept wet. Culture dishes were incubated at 38uC and 5% CO 2 and were monitored closely every 30 min. If the adjacent area surrounding the tissue was dry, several drops of basal media were added ensuring that the tissue would not float and separate from the bottom of the culture dish. After 4 h, 0.5 mL basal media were added to every culture dish and 1 mL basal media were added after 12 h. The basal media was replaced with fresh media every 48 h until cells were visibly spread across the bottom of the culture dish. Cells were detached with 0.25% trpysin-0.02% EDTA and transferred to new culture dishes, which were used to remove fibroblasts. Subsequently, the pure mammary epithelial cells were isolated after 3 passages.
Growth Characteristics of Epithelial Cells
Growth curves and doubling time were determined by seeding 5610 4 
Karyotyping Analysis of Epithelial Cells
The cells from three periods (primary, purified, and resuscitated cells) were examined via changes in karyotyping analysis as described by Seabright [20] . Exponentially-growing cells were incubated with colchicine (0.2 mg/mL) for 2-2.5 h. Cells were trypsynized with 0.25% trypsin and treated with warm hypotonic KCl solution (0.075 mol/mL) for 30 min at 37uC. The solution was centrifuged at 1200 6 g for 10 min and the cells were harvested. Cells were then fixed with ice-cold methanol and acetic acid mixture (volume 3:1) 36, commencing after 30 min and subsequently twice at 15 min intervals. Each time, cells were centrifuged at 1200 6 g for 10 min prior to harvesting of cells. Cells were suspended with 0.5 mL fixed solution and spotted onto ice-cold glass slides. The sample slides were allowed to dry at room temperature and stored at 220uC until use. All the slides were stained with Giemsa solution (1.0 g giemsa, glycerin 66 mL,and methanol 66 mL) 1 mL/slide for 10 min, washed with distilled water and dried at room temperature. Chromosomes were visualized and detected with a phase-contrast microscope (Olympus IX71, Japan) and analyzed with the soft Video TesT Karyo3.1 (NatureGene Corp., USA).
Immunocytochemistry
Cytomatrix and expression of cytokeratin 18 (abcam, ab668; UK) and vimentin (abcam, ab8978; UK) were examined by seeding 5610 4 cells/well in 12-well flat-bottom culture plates. Cytostructural protein expression was examined at 6 d after seeding cells that were cultured in induction media. Before staining, the cells were washed 36 with D'-Hanks solution and fixed with ice-cold methanol. Cells were incubated in PBS containing 50 mg/mL pronase (Sigma) at 37uC for 15 min, then rinsed with running tap-water. Cells were pre-incubated with 0.1% (w/v) phenylhydrazine-HCl (Sigma) for 5 min to inhibit endogenous peroxidases and washed with PBS. Nonspecific reactivity was blocked with poultry serum (Beijing CCpioneer Technology Co.,Ltd, China) for 1 h at room temperature. First antisera, anti-cytokeratin 18 and anti-vimentin were diluted 1/200 in PBS and incubated for 1 h at room temperature. The cells were washed 26 5 min with PBST and once 5 min with PBS. Secondary antibody, FITC-conjugated monoclonal anti-mouse IgG (Sigma, F4143), was diluted 1/64 in PBS and incubated in the dark for 0.5,1 h. Cells were washed for 36 with PBS and visualized with a phase-contrast microscope (Olympus IX71, Japan).
RT-PCR
Total RNA from mammary tissue, purified, and resuscitated cells cultured with induction media was isolated with ice-cold TriZol solution (Invitrogen). The expression of CSN2, ACACA, and BTN1A1 were determined by RT-PCR. The integrity and concentration of the RNA were verified by analyzing 5 mL of each sample on a 1% agarose gel and ultraviolet spectrophotometer (Beckman DU800, U.S.A). Reverse transcription system (SuperScript @ ) was purchased from Invitrogen. Primers of CSN2, ACACA and BTN1A1 were designed with Primer 5.0 (table 1) and synthesized by Shanghai Sangon Biological Engineering Technology & Services Co. Ltd (China).
Western-Blotting
Protein lysates from mammary tissue, purified cells, and resuscitated cells were prepared with TriZol solution (Invitrogen) and subjected to SDS-PAGE on 15% polyacrylamide gels. The resolved proteins were blotted onto PVDF transfer membranes (0.45 mM immobilon-P, Millipore, K6KN8780E) and blocked overnight with 3% poultry serum in TBST. Membranes were incubated with primary antibody at 4uC overnight, appropriately diluted 1:4000 in TBST, washed with TBST 36, and then incubated with HRP-conjugated secondary antibody diluted 1:5000 in TBST. The polyclonal antibody of b-casein was prepared by JingMei Biotech Co. Ltd (China).
Results
Establishment of Bovine Mammary Gland Epithelial Cell Line
The whole growth process of isolating CBMCs is exhibited in Fig. 1 , including tissue culture and different stages of culturing epithelial cells. Primary fusiform fibroblasts were first elongated from mammary tissue after culture for 3 to 5 d (Fig. 1a) . Fibrilar components grew flat and extended through the whole plate. Primary epithelial cells were elongated from mammary tissue after a week to 10 d in culture. Subsequently, these fibrilar cells died rapidly and numbers decreased. At the same time, epithelial cells began to proliferate and accumulated with fibrilar cells being located at the boundary of these two kinds of cells (Fig. 1b) . After ca. two weeks, primary epithelial cells became the dominant cell type in plates (Fig. 1c) . Generally, it took 10 to 15 min to detach the epithelial cells from culture dishes with trypsin and EDTA solution. However, less than 1 to 2 min was needed for fibroblasts. Thus, epithelial cells were isolated to homogeneity after 3 passages (i.e., trypsin digestion). The resulting bovine mammary epithelial cells were present as a cobblestone form and proliferating monolayer (Fig. 1d) .
When the tissue was cultured in basal media, the epithelial cells extended from the tissue regardless of the number of times the tissue was digested with trypsin and EDTA. It was noteworthy that epithelial cells, not fibroblasts, grew continuously and extended even from the first tissue samples (Fig. 1c) . However, the tissue was fragile and exfoliated easily from the plate. Thus, the degree of digestion and culture conditions seemed to be important for cell development. Mammary epithelial cells developed into different shapes. Most of the isolated cells that extended from the tissue had a cobble-stone-like shape, were connected tightly, and had a clear boundary (Fig. 1d ). There were 2-4 nucleoli in each cell that were very distinct under the microscope. Under normal conditions and after ca. 10 passages, the volume of epithelial cells became larger and resembled big round flat fusiform shapes.
Cells obtained after freezing and thawing had normal morphology when re-cultured (Fig. 1d) . In the process of epithelial cell culture, a dome-like structure (Fig. 1e ) and mastoid process (Fig. 1f ) were evident, resembling the results of Pantschenko et al. and Heegard et al. [19, 21] .
Growth Characteristics of Epithelial Cells
Growth curves showed that proliferation of BMECs (Fig. 2) whether from mammary gland tissue or those resuscitated doubled in number within 72 h when grown on plastic cell culture dishes and media with 10% FBS. The population of cells grew faster from d 4 to 6. When extended around the plastic substratum after d 8, the number did not change obviously in the last four days. Dead cells were observed floating in the media. These results are similar to those observed previously by Pantschenko [19] , Zavizion [9] and Rose [6] .
Chromosomal Analysis of Epithelial Cells
Chromosomal analysis demonstrated a non-transformed normal mammary epithelial cell lineage (Fig. 3) . The isolated primary epithelial cells had a normal diploid configuration containing 60 chromosomes. Chromosomal analysis of CMECs before and after freezing also showed a modal number of 60.
Cytoskeleton 18 and Vimentin Protein Expression
The expression of cytoskeleton and vimentin is directly consistent with the epithelial cell lineage [12, 19, 22] . Although the established cell line appeared to have epithelial cell morphology, we further investigated homogeneity at the eighth passage and also at the resuscitated cells by examining the protein expression of cytoskeleton 18, which is specific for epithelial cells, and vimentin which is usually expressed in various non-epithelial cells [23] . Both isolated and resuscitated epithelial cells exhibited intense positive staining of the cytoplasmic meshwork of cytokeratin fibrils when incubated with anti-cytoskeleton18 monoclonal antibody (Fig. 4a,b) . Although nearly all the isolated and resuscitated epithelial cells in our study were positively-stained with anti-vimentin antibody (Fig. 4c,d) , there was significant difference between the character of anti-cytoskeketon18 and antivimentin. The criteria for the positive staining reaction relied on structure as well as intensity. The wave filaments for cytokeratin revealed tonofilament junctions between cells which are important for intercellular communication and cellular polarity. Light stain pattern of vimentin was predominantly perinuclear with some evidence of filament degradation. The phenomena were completely consist with the results obtained by Pantschenko [19] .
Identification Epithelial Cells via Marker Proteins
Establishing optimal culture conditions to allow for protein synthesis in mammary epithelial cells is of importance, as it would more closely mimic the in vivo system. Previous studies described testing b-casein expression in cultured epithelial cells [1] . Thus, such an approach was considered important in order to test the isolated cell system. We evaluated the protein synthesis ability of the isolated cells through mRNA and protein expression of CSN2, ACACA and BTN1A1. The total RNA and protein were isolated from native mammary tissue, isolated epithelial cells, epithelial cells cultured in induction media, and also in resuscitated epithelial cells. Expression of mRNA was determined by RT-PCR (Fig. 5) . b-casein protein expression (Fig. 6 ) was detected by WesternBlotting as in previous reports [1] . The RT-PCR and WesternBlotting analysis results both confirmed the ability of the isolated cells to synthesize mammary-specific proteins. Furthermore, data showed that the induction media was able to enhance the ability of the isolated epithelial cells to synthesize protein in vitro.
Discussion
In previous studies it was found that the concentration of fetal bovine serum (FBS) in media had a strong effect on the proliferation of bovine mammary epithelial cells. When compared with 0% FBS treatment, bovine mammary epithelial cells grown in 5 to 10% serum underwent a 3-to 4-fold increase in cell number during the 12 d of culture [11] . Cloned bovine mammary epithelial cells also depended on FBS for proliferation and a marginal advantage could be attributed to the higher FBS concentration (10% FBS) [10] . In the early stages of establishment of our system (data not shown), we examined the effect of different media and various FBS concentrations on the proliferation of epithelial cells. Effects were assessed by attachment rates, which can reflect the difference in proliferation among cell types [24] . The results suggested that DMEM and DMEM/F12 were more suitable than F12 and RPMI1640. Evaluation of the cell population doubling time suggested that 10% FBS was the optimal concentration in growth media. These results were consistent with previous reports [10] [11] 25] . However, a frozen solution with 90% FBS and 10% DMSO was optimal for cell preservation. Results of the resuscitated cell population doublingtime showed that a greater degree of normal bovine mammary epithelial cells survived when cells were preserved frozen in FBS serum containing 10% DMSO than in growth media with 10% FBS and 10% DMSO (data not shown). For subsequent studies, our bovine primary mammary epithelial cells were cultured in DMEM/F12 with 10% FBS as growth media, and FBS serum with 10% DMSO were used for frozen cell preservation.
To determine the effect of frozen preservation on isolated bovine mammary epithelial cells, we cultured both isolated and resuscitated cells in induction media to test for population proliferation. Compared with previous studies showing a doubling of cell proliferation between 24-36 h of culture [10, 26] , the latent phase of the isolated primary epithelial cells in our study was .72 h. A possible reason for this effect is that the cells obtained in our study were not of clonal lineage, as in previous studies [5] [6] . Growth curves showed that there was no significant difference in proliferation between the cells before and after frozen reservation. During the first 3 d of the latent phase, the growth rate was slow but during the following 3 d of growth there was an increase in cell number followed by a steady phase for the last several days of culture. Thus, the growth curve conformed to the rule of ''S'' sigmoid curve for proliferating cells with a lag-phase, exponential phase, and steady phase [27] . This suggested that the isolated bovine mammary epithelial cells maintained a favorable growth performance after frozen preservation. Thus, frozen preservation did not affect the proliferation of our isolated bovine mammary epithelial cell line and this response was similar to the results of Cifrian [28] . McGrath [11] also suggested that mammary epithelial cells could be stored by frozen preservation without affecting the viability of the frozen cells upon re-culturing.
Vimentin is the intermediate filament protein normally expressed by cells of mesenchymal origin. Vimentin is considered as a marker of myoepithelial cells [12] . However, cytokeratin 18 is one of the most common members of the intermediate filament gene family, and generally exists together with its filament partner keratin 8. It is expressed in single layer epithelial tissues of the body and is specific for epithelial cells [19] . Immunocytochemical staining of goat mammary tissue showed that vimentin was present in myoepithelial cells but not in epithelial cells. However, cytokeratin 18 was found in both epithelial and myoepithelial cells of the goat mammary gland [22] . Bovine myoepithelial cells were positive to anti-vimentin and negative to anti-cytokeratin 18 monoclonal antibody [17] .
In a previous report, few of the resulting primary bovine mammary epithelial cells with characteristic fibroblast morphology were positively-stained with anti-vimentin [13] . The different result is that vimentin was also seen in lactating bovine mammary gland epithelial cells grown without hormones; whereas, cultures grown in the presence of hormones expressed only cytokeratins, which are specific for epithelial cells [29] . Rose [6] found monolayers of bovine mammary epithelial cells were stained positive for anti-pan-cytokeratin, anti-type VII cytokeratin than for vimentin. They suggested that the epithelial cells grown on plastic plates had some characteristics of myoepithelial cells for weak positive staining to vimentin. In our study, the obtained bovine mammary epithelial cells, which had staining positive for both monoclonal anti-cytokeratin 18 and anti-vimentin, exhibited the same phenomenon as reported previously [23] . The positive staining for cytokeratin-18 was a powerful result to prove the specific epithelium character of CMECs. The phenomenon of CMECs to vimentin was possibly associated with the culture conditions, plastic dish, media, monolayer overspread, and growth without the presence of other cells.
The major milk protein genes are defined as mammary-specific and developmentally-regulated expressed genes. As such, they represent markers of mammary differentiation [30] . Epithelial differentiation is characterized by expression of milk proteins, such as b-casein and whey acidic protein, the production of milk fats rich in triglycerides, sources of energy, and essential fatty acids [31] . Casein secretion is the hallmark of the bovine mammary epithelial cells [30] . Acetyl-coa carboxylase (ACACA) plays a pivotal role in the regulation of fatty acid (FA) metabolism, which mediates the first committed step for incorporation of acetate carbon into FA [32] . Thereinto, ACACA, a cytosolic protein, provides cytoplasmic malonyl-CoA for FA synthesis, which is rate-limiting for the synthesis of long-chain fatty acids de novo. The enzyme is active in the lactating mammary gland and its activity level is affected by dietary and hormonal states of the animal [33] [34] . Butyrophilin (BTN1A1), a major milk-fat-globule transmembrane glycoprotein, is also a mammary-specific protein in milk-fat secretion expressed on the apical surface of the mammary epithelial cells in the final stage of pregnancy and during lactation [35] [36] [37] . And its mRNA could not be detected in bovine heart, intestine, kidney, liver, ovary, or uterus [38] . Although the function of BTN1A1 is not fully understood, its expression profile suggests an important role in lactation [39] .
There was no marked difference of ACACA transcript level between mammary gland tissue, isolated epithelial cell cultured in induction media, or resuscitated epithelial cells. However, the transcript level in isolated epithelial cells cultured in basal media was evidently lower. A possible reason could be that there was less substrate in media provided for FA synthesis, thus, the addition of hormone to the cell culture provided was insufficient to increase flux through the pathway. In previous studies, Beswick [40] analysed the ACACA mRNA and protein abundance in the mammary gland of Holstein cows receiving either bovine growth hormone or bovine growth hormone-releasing factor, and revealed that there was no significant influence of the hormone alone. However, the transcription level of BTN1A1 and CSN2 suggested that bioactive factors including hormone in induction media could promote upregulation of secretory protin genes. It is clear that insulin is not only essential for milk protein gene expression, but also stimulates and regulates milk protein synthesis at multiple levels in bovine mammary tissue [41] . Insulin is essential for accumulation of casein mRNA in mouse mammary epithelial cells [15] and bovine lactating mammary gland cultured in vitro [42] . Aoki [43] also showed that stage-specific mRNA expression of milk fat globule membrance glycoproteins including BTN1A1 in mouse mammary epithelial cells was regulated in a similar mechanism to that of CSN2. Our results indicated that the isolated and resuscitated mammary epithelial cells all had a normal secretory function.
Casein protein was found neither in the fetal calf serum nor in the medium, thus, the presence of this product in medium was useful as an indication of functional differentiation of mammary epithelial cells [1] . Greater amount of casein protein was accompanied by an increase in mRNA and expression of protein.
It has been clearly shown that insulin is absolutely required for maximal synthesis of protein, and a nearly maximal effect was achieved with 50 ng/mL in explants cultured for 4d [42] . Thus, insulin has been consistently used to supplement culture medium of mammary epithelial cell lines. b-casein production in cells grown for 1,3,5,7 and 10d increased over time and was consistently associated with the dome-like structures [19] . The production of b-casein also reflected the state of epithelial cells cultured in vitro. Different cell lines have distinct abilities to secrete milk protein. For example, in MAC-T cells it was estimated that acasein and e-casein secretion was 50 ng of a-casein/mL of medium/24 h [17] . MAC-T cells normally produce casein at levels comparable to those of BME-UV cells [9] . Similarly, clonal and parental lines of MAC-T cells all produced b-casein but production by clonal cells was much lower and averaged 0.1 to 0.3 mg/mL per 24 h [26] . Our results that b-casein protein detected in epithelial cells cultured in induction medium also identified the function of CMBCs. This result was as the same as that of mRNA test. So we suggested that bioactive factors in induction media were potential contributor to milk-protein synthesis [10, 42] .
This study demonstrated the establishment of a functional bovine mammary epithelial cell line from Chinese Holstein cattle, which exhibited normal extracellular matrix and was physiologically-responsive to hormones. This cell culture model can be applied in future investigations of lactation in this breed of cattle or in comparative studies of mammary function across cattle breeds. 
